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ABSTRACT

In this study, green synthesized Ag/CaO combined with a reducing agent based on a plant
extract was synthesized. Then, the catalytic and antimicrobial potential of extract doped-
Ag/CaO was investigated. Bio-reducing synthesis protocol was followed to fabricate Ag/CaO
nanocomposites (NCs) by reducing and capping with Zingiber officinale. A series of
characterization techniques was employed to examine structural, morphological and optical

properties of Ag/Ca0O. The experimental findings favored doped nanocomposites for use as



effective catalysts that degraded toxic dyes such as methylene blue and ciprofloxacin and
exhibited strong antimicrobial activity against Escherichia coli (E. coli), and Staphylococcus
aureus (S. aueus). Furthermore, a molecular docking investigation determined binding
interaction patterns between NCs and targeted cell protein active sites. The obtained results
suggested green synthesized Ag/CaO as the most effective inhibitor of dihydrofolate
reductase, DNA gyrase, and FabB enzymes. Findings revealed highly economical, non-toxic,
and readily available Z. officinale rhizome extract as a potential capping agent to fabricate
Ag/CaO for potential applications to reduce major economic losses in the dairy industry for

the first time in Pakistan.

Keywords: Ag/CaO NCs, Green synthesis; Nanoparticles; Antimicrobial activity; Metal

oxide nanoparticles

1. INTRODUCTION

Unrestricted use of dyes in industrial sectors such as paper, polymer, wood, food and
textiles may result in immense environmental pollution [1, 2]. Among these dyes, most are
potentially toxic to humans, animals, and plants. They may inflict serious ailments, including
liver malfunction, skin cancer, allergy, etc. [3]. Methylene blue (MB) is highly toxic and
hazardous, which can cause mutation in the biosphere. Therefore, it is vital to degrade and
eliminate pollutants from the environment, especially water. The published literature suggests
various methods to safely remove such dyes including photo-degradation, reverse osmosis,
coagulation, and chemical reduction [4, 5]. The chemical reduction method used for organic
dye degradation relies upon a potent reducing agent accompanied by noble metals platinum
(Pt), gold (Au), silver (Ag), and copper (Cu) [1, 6, 7]. However, catalysts produced using
noble metals are generally too expensive for practical applications. Therefore, synthesizing
nanocatalyst with non-noble metal such as calcium (Ca) is attractive since it exhibits

performance comparable to noble metals, however, at a relatively far diminished cost [8, 9].

The development of resistance in bacteria against conventional antibacterial drugs due to its
non-essential and excessive use is a major global concern. The situation calls for the adoption
of new approaches that can appease the emerging predicament. In this respect use of natural
products has great potential due to their unmatched chemical diversity. Both pure compounds
and standardized plant extracts can be employed for developing novel drugs. Many

researchers have diverted their attention toward traditional medicine to develop active drugs
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to combat microbial infections [10]. It is generally assumed that plants employed in
traditional medicine have low toxicity. However, the harmful ramifications of commonly
used herbs must be thoroughly established for long-term usage. Recent in vitro studies found
that a number of plants used as food or in traditional medicine are mutagenic. Mutagenesis

potential of plants has raised concerns for their long-term usage [11]

Until now, metal oxide nanoparticles (MONPs) were successfully fabricated via
physiochemical methods; however, such approaches are costly and associated with the use of
hazardous reagents. Contemporary risks to the environment caused by toxic organic
solvents combined with high pressure employed during their synthesis limit their medical
applications [1, 12]. Therefore, green synthesis has overwhelmingly become a research focus
for bio-reduction of MONPs in the past decade since the plant-based MONPs promise a
brilliant outlook in the fields of cosmetics, pharmaceuticals, and food [13]. MONPs are also
synthesized using plant tissue and other parts since the plant extract-based method is more
rapid, efficient, and suitable for large-scale production [14]. Plant extract-based method can
also be carried out at room temperature (non-thermal method). Jaewook et al. synthesized Au
nanoparticles (NPs) non-thermally with stability akin to thermal synthesis protocol [15].
Similarly, Mallikarjuna et al. fabricated silver and palladium crystals at room temperature
(non-thermal method) using tea and coffee extract. The product showed promising stability
and typical green synthesis attributes [16, 17].

Currently, iron (Fe), Zinc (Zn), Ag, Cu, calcium (Ca), etc., NPs are synthesized using
biosynthesis for different applications. Calcium oxide (CaO) NPs have a unique crystalline
structure, optical properties, and exhibit exceptional antimicrobial activity. They are non-
toxic, making them safe for use in biomedical, electronics, environmental remediation,
sensors, and catalysis applications [18-20]. For centuries, Ag has remained a well-known
antibacterial agent as it works in a unique way such that Ag* destroys cell membrane and
replication ability of microbial DNA [19, 20]. Besides, these are also employed as antiseptics,
disinfectants, and as pharmaceutical agents [22, 23]. Ginger (tuberous rhizome) is cultivated
worldwide to be used as a spice and medicinal ingredient [24]. It holds 400-plus compounds,
including gingerol and shogaol, that exhibit various physiological and pharmacological
attributes such as anti-inflammatory, anti-apoptotic, anti-tumorigenic, anti-hyperglycaemic,
and anti-emetic properties [25]. The combination of Ag/CaO makes it very efficient and

promising for use in catalysis and antimicrobial activity. The nanocomposites (NCs) are
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much more biocompatible than Ag NPs alone. Moreover, they are significantly less toxic
while disclosing high antibacterial activity. They are comparatively very efficient and, at the
same time, inexpensive antimicrobial materials [26]. A study also showed that Ag/CaO is
effective in seizing the proliferation of microorganisms, which makes them useful in
applications that involve contact with human skin [27]. Furthermore, the NCs are an excellent
catalyst against many industrial dyes. A study was conducted in this respect, which revealed
that NCs are not only efficient but also very resilient and stable; they did not alter even after
five consecutive cycles of use. Moreover, it is logical to synthesize such a structure that has a
biocompatible component (i.e., CaO) and as well as the best antimicrobial agent that
possesses the attributes of each as whole. The study was carried out against 4-Nitrophenol to
be reduced in water from natural resources. The results revealed NCs to be very promising
and effective as a potential catalyst for the treatment of industrial wastes [28].

In view of the aforementioned attributes, each aspect of this study of the metal/metal oxide
NCs was designed to preserve the antimicrobial action and dye degradation capability of the
individual material and enhance the biocompatibility NCs as a whole. In this study, highly
economical, non-toxic and readily available fresh ginger Zingiber officinale (Z. officinale)
rhizome extract was used as a capping and reducing agent to fabricate Ag/CaO NCs with
potential antimicrobial application against pathogenic isolates of S. aureus and E. coli
isolated directly from mastitic milk to reduce dairy industry economic losses. The catalysis of
non-noble metallic catalyst was checked in the presence of NaBH™ against methylene blue
and ciprofloxacin (MB:CF), common industrial dyes, with the hypothesis that as-fabricated
NCs would efficiently reduce bacterial growth and clean industrial dyes from wastewater.
The result showed that the dyes were degraded up to 100%. Additionally, in silico docking
investigations were conducted against specific enzyme targets from Escherichia coli (E. coli),

and Staphylococcus aureus (S. aueus), correspondingly.

2. Materials and Methods

Calcium chloride dihydrate (CaCl,.2H20, 99%), silver nitrate (AgNOgz, 99.8-100.5%), and
sodium hydro oxide (NaOH, 98%) were bought from Sigma-Aldrich (Germany). Fresh roots
of Z. officinale were purchased from a market located in Lahore (Pakistan) and shade-dried to
attain invariant weight prior to further processing. The media used for bacterial growth in this
investigation were of analytical grade.

2.2. Extract Preparation



Fine powder of Z. officinale root was achieved through grinding in an electric grinder, and
subsequently preserved in the plastic container. Post grinding, a certain quantity of deionized
water (DIW) (1:10) was poured into the powder and stirred vigorously for 30 minutes (min)
at 70 'C. When extract became chilled, filtration was carried out using Whatman No. 1 filter

paper. The obtained extract was preserved at 4 ‘C to avoid fungal production (Fig. 1a) [29].
2.3. Synthesis of bare and extract doped Ag/CaO NCs

An aqueous solution containing 35 mL DI water as soluble, CaCl>.2H20, and AgNOz (4.9 g
and 0.25 g) were stirred for 5 min at 90 "C on a hot plate. Subsequently, ginger extracts of
different quantities (2 mL, 4 mL, and 6 mL) were poured into three separate pure solutions in
the form of drops while keeping the fourth as reference. Meanwhile, NaOH solution (0.5 M)
was incorporated to retain pH ~ 12. The colloidal solution was vigorously stirred at 90 °C for
2 hours [19, 24]. Consequently, the precipitate formed was washed and centrifuged at 7100
rom for 9 min. Finally, the precipitate was calcinated at a constant temperature of 90 'C

inside the oven until the water thoroughly evaporated (Fig.1b).
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2.4 Isolation and ldentification of S. aureus and E. coli

Specimens of ovine milk from veterinary facilities in Punjab, Pakistan, were raised on 5
percent sheep blood agar and reared at 37 "C for 24-48 hours [30]. The standard colonies
acquired were extended into three isolated S. aureus and E. coli on manitol salt (MS) and
MacConkey agars (MA), respectively [31]. Burgey's determinative bacteriology manual
established gram’s staining, while coagulase and catalases tests were adopted for
morphological and biochemical confirmation of refined cell colonies.

2.4.1 Antibacterial evaluation

Antibacterial performance of all doped materials was assessed utilizing the well diffusion
technique through swabbing 1.5 x108 CFU/mL S. aureus as Gram-positive (G +ve) and E.
coli as Gram-negative (G —ve) on MS and MA plates, separately. Bacterial isolates were
swabbed on agar plates and 6 mm diameter wells were derived using a sanitized borer. Each
well was infused with a different quantity of Ag/CaO containing varying concentrations of
extract (2, 4, and 6 mL) 0.5 and 1.0 pug/50 ul and segmented using ciprofloxacin (0.005 ug/50
uL) and DIW (50 pL) as control positive (+ve) and negative (-ve), correspondingly.
Antibacterial effectiveness was assessed by quantifying inhibitory regions in millimeters

(mm) after overnight incubation of loaded agar plates at 37 'C using a Vernier calliper.
2.4.2 Statistical Analysis

One-way analysis of variance (ANOVA-1) was used to statistically determine antibacterial
effectiveness represented by diameter of inhibition zone (mm) through a statistical package

for social sciences (SPSS 20).

2.5. Molecular Docking Analysis

To better understand the mechanism underlying bactericidal action, molecular docking
analysis of green synthesized Ag/CaO nanoparticles was conducted. Aside from Ag/CaO
nanoparticles, Zingerone (ZGN) and Shagoal (SGL), the major compounds of Z. officinale,
that make complexes with nanoparticles were selected for molecular docking studies [32,33]
(Fig. S6). This was accomplished by focusing on proteins that are essential for bacterial
durability and development. Many targets of protein associated with discrete biosynthetic
pathways were selected for docking analysis specifically, DNA gyrases. aureus, dihydrofolate
reductase (DHFR), and DNA gyrasee. coii and B-ketoacyl- [acyl carrier protein] synthase |
(FabB). DNA gyrase and DHFR are essential for the biosynthesis of DNA and folic acid,

which are both required for bacterial viability. FabB also catalyzes crucial steps in the
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bacterial cell's fatty acid biosynthetic pathway [34-36]. A protein data library was used to
obtain crystallographic structures of target proteins from E. coli and S. aureus (Fig. S5). The
3D-structure of DNA gyrasesaureus (PDB ID: 5CTU), resolution: 1.45 A [37], dihydrofolate
reductase (PDB ID: 3FY8), resolution: 2.20 A [38], DNA gyrase Be. coii (PDB ID: 4PRV),
resolution: 1.45 A [39] and B-ketoacyl- [acyl carrier protein] synthase | (FabB (PDB ID:
1FJ4),), resolution: 2.35 A [40] were searched from protein data bank.

Molecular docking analysis was carried out using SYBYL-X 2.0 program [41]. Sybyl-
X2.0/SKETCH module was used to create 3D structures of selected compounds [42],
followed by energy minimization using the Tripos force field with Gasteiger Hiickel atomic
charge [43]. The Surflex-Dock module of the molecular modelling software programme
SYBYL-X 2.0 [43] was used to analyze flexible molecular docking simulations to study
binding interactions of nanoparticles with active site residues of selected proteins. Missing
hydrogens were introduced. According to the AMBER 7 FF99 force field, atomic types were
allocated, and atomic charges were applied. Finally, using the Powell algorithm with a
convergence gradient of 0.5 kcal//(mol = A) for 1000 cycles, the energy was reduced to avoid
steric clashes. For each ligand-receptor complex system, at least 20 of the finest docked poses
were saved conclusively. The Hammerhead scoring system was used to rate the best putative
ligand poses. Surflex dock module generates and ranks putative poses of ligand fragments
using an empirically generated consensus scoring (cScore) [44] function, that combines
Hammerhead's empirical scoring function [45], comprised of , D-score (dock score), G-score
(gold score), Chem-Score, potential mean force (PMF) score, and/or complete score, with a

molecular similarity method (morphological similarity).
2.6 Characterization

The structural and crystalline characteristics of the generated NCs were investigated using
XRD diffractometer (PAN Analytical X'pert PRO type x-ray diffractometer) and
monochromatic Cu-K radiation (A = 1.5418 A) at a scanning speed of 5°/min across a two-
degree range of 5° to 80°. Infrared spectroscopy was performed with Excalibur 3100
spectrometer in spectral region 4000-400 cm™. The morphological features, size of the
nanoparticles and specimens layer spacing were assessed using a scanning electron
microscope (SEM), JEOL JSM-6460LV and JEOL JEM-2100F high-resolution transmission
electron microscopes (HR-TEM). The visual characteristics of materials were studied using a

UV-vis spectrophotometer (Genesys 10S) in the wavelength spectrum of 270-650 nm. The



photoluminescence (PL) spectra of doped materials were acquired using a spectrofluorometer
(JASCO, FP-8300). X-ray photoelectron spectroscopy was used to evaluate the specimen
composition and related band gaps (XPS).

2. RESULTS AND DISCUSSION

To acquire information regarding phase, structure, and crystal size of extract-doped and un-
doped Ag/CaO NCs, the CaO and Ag NPs were examined using XRD technique. Obtained
patterns are shown in figure 2a, which contains all the necessary peaks of CaO in the
respective samples. The peaks were observed in pure Ag and Ag/CaO samples at 38.8" and
44.8" with (111) and (200) crystal planes, while the peak at 56.2" (142) disappeared in the
Ag/CaO sample. A large reduction in peak intensity occurred due to the lower concentration
of Ag in Ag/CaO samples. The peaks flexing at ~28.59°, 31.9°, and 47.01°corresponding to
(210), (111), and (112) planes, respectively, originated from CaO in Ag/CaO and pure CaO
samples. A cubic structure was exhibited without any impurity traces corresponding to
JCPDS card No. 00-004-0777. Most of the peaks that had minor intensities standing at 29.54,
36.01°, 39.44°, 43.17", 48.52’, and 62.59" were confirmed as (104), (110), (202), (018), (116),
and (300) crystal planes. This group of bands belonged to CaO appearing as CaCOzin JPCDS
card (File No. 47-1743) [46, 47]. Recorded data also contained a few highly intense peaks
flexing at 18.05", 34.09", and 50.90" attributed to (001), (101), and (110) planes, respectively.
These peaks corresponded to Ca(OH). (PDF Card No. 00-087-0673), the responsibility of
observed OH" existence given to moisture in air and DIW insertion. The patterns revealed
NPs to be crystalline by nature. The sizes of crystallites were determined from XRD patterns
with the help of Scherrer formula. Computed crystallite sizes were 29.66, 28.64, 28.64, and
26.00 nm for pristine, 2, 4, and 6 mL samples, respectively. As it can be observed, the size of
crystallites varied with different concentrations of extract while carrying different
phytochemicals used as reducing and capping agents, which determines the average
crystallite size of MONPs [48, 49].

The vibrational characterization study of infra-red responsive functional groups of CaO, Ag,
and Ag/CaO NCs were undertaken with FTIR spectroscopy. Fig. 2b revealed (O-H)
stretching at 3637 cm™ that was probably influenced by DIW and moisture in air. Peak
flexing at ~1630 and 3370 cm™ corresponded to N-H bending and stretching, respectively, in
Ag spectrum. Two bands, 821 and 1014 cm™ were attributed to metabolites and protein

functional groups that cover Ag NPs. A strong band of absorption occurred at 1439 cm™ for



which the carbonyl (C=0) group was responsible. This occurs due to rapid absorption of CO>
in atmosphere by calcium hydride, which transforms it into CaCO3 [50, 51]. The absorption
peak standing at 1062 cm™ corresponded to (C-O) stretching indicating alcohol presence
[51]. The medium absorption band at 872 cm™ mirrored the existence of C-H for Ag/CaO
NCs [52]. The band near 607 cm™ revealed the presence of capping agents and NPs [50]. No
significant shift occurred with extract doping, however, intensities did change. The FTIR
spectrum of biosynthesized from ginger is manifested in Fig. 2 b. The broad absorption band
~ 3039 cm corresponds to OH meanwhile, peak broadening revealed carbonyl groups with
(N-H) amine stretching frequency. Observed FTIR peaks around 2592 cm™, 1880 cm™,
1495 cmt, and 1346 cm! corresponded to CH,-CH3, CH2-OCHs, and C-OH functional
groups, respectively, which presented a-Zingeberene, 6-gingerol, and 6-snogal of Z officinale
[51,52] . Selected area electron diffraction (SAED) analysis of pure and extract doped
Ag/Ca0O NCs were obtained on a small portion inside the sphere as shown in Fig. 2c-e. The
obtained result displays concentric circles, which indicate poly-crystallinity of NCs.
Diffraction rings inside SAED were ascribed to (001), (101), (110), (111), (220), and (311)
planes which were indexed as face-centered cubic (FCC) Ca(OH). and CaO, and were found

to be consistent with XRD analysis.
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Figure 2 (a) XRD patterns CaO, Ag, Ag/ CaO, and (2, 4, and 6 mL) extract doped Ag/CaO
(b) FTIR spectra CaO, Ag/Ca0 and (2, 4, and 6 mL) extract doped Ag/CaO, respectively
(inside Extract and Ag), (c-d) SAED patterns of pristine CaO and 6 mL extract doped
Ag/CaO NCs and (e) representation of the unit cell of Ag/Ca0O.

Initial confirmation of NCs formation was acquired by studying optical properties through
UV-vis spectroscopy. The obtained spectra of CaO, Ag, Ag/CaO, and different
concentrations of ginger extract (2 mL, 4mL, and 6 mL) carrying Ag/CaO NCs are plotted in
Fig. 3a. The absorption band for CaO was recorded at 290-340 nm. Ag exhibited a high peak
window at 340-540 nm with maxima at 440 nm. Pure Ag/CaO shows a similar weak
absorption like CaO, affected by complete absorption of Ag-NPs into CaCOs crystallites
[46,47]. Absorption was drastically enhanced upon adding extract to pure Ag/CaO and
increased with extract concentration. The maximum absorption was recorded for a sample
carrying 6 mL extract. Absorption increase is probably affected by an upsurge in absorption
species influenced by surface plasmon resonance (SPR) excitations. The maxima of

absorptions for NCs carrying 2 mL, 4 mL, and 6 mL extract were found at 428, 412, and 406
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nm, respectively. Blueshift could be observed by increasing extract to high concentrations,
respectively. The shift is affected by the donation of electrons to the particles. Upon injection
of holes to clusters the redshift occurs, plasmon shifts occur when a bare cluster has positive
and negative charges [53,54]. It is observed from the results that by increasing the ratio of
extract concentration, the concentration of reducing agents in the reaction medium increased,
as a result, electron density further increased. The reducing agent contains charged groups
that would restrict free electrons near Ca and Ag clusters inside a restricted volume which
results into an increase in charge on the surface of clusters. Interaction of these increased
charges with the surrounding reducing medium accounts for particle size decrease [55]. The
band gap energy values calculated through Tauc’s plot were 2.93 eV, 3.02 eV, 3.18 eV, and
3.25 eV for reference, 2 mL, 4 mL, and 6 mL samples, respectively (Fig. 3b).

In addition to UV-Vis, photoluminescence spectroscopy (PL) was employed to evaluate
optical properties of concerned NCs, specifically charge recombination and half-life of the
exciting material in their conductance band. PL emission spectra of undoped and doped
Ag/CaO NCs with ginger extract of various concentrations (2 mL, 4 mL, and 6 mL) are
shown in Fig. 3c. Data was recorded under 350 nm excitation, which delivered sharp peaks at
412-402 nm, due to band edge excitonic emission [56, 57]. Extremely excited carriers near or
in metal NPs probably relax non-radioactively by emitting plasmon [58]. Observed PL
spectra display a blueshift which indicated that surface plasmon resonance (SPR)
phenomenon occurred contrary to inter-band emission [59]. Mechanism can be elaborated as:
incident light contains excited inter-band transitions, whereas excited electrons rest in SPR
modes, emitting photons. Since SPR is size-dependent [59], blueshift corresponds to size,
which decreases with an increase in extract concentrations, this also matches with UV-Vis
results. However, peak intensity shows that recombination rate is not size dependent, but
depends upon the polarizability per unit volume [60]. Observed peaks containing high extract
concentrations promise a low recombination rate, as confirmed from the graph, which is due
to favourable dopant amount acting as a trap for photo-e~ and h* pairs, thus further separating
the charge carriers [61, 62]. Interband electronic transitions are excited by the incident light.
This excitation relaxes into the SPR modes, and the SPR then radiates or emits this energy as

photons (radiatively decays).
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Figure 3 (a) Absorption spectra, (b) using Tauc plot calculated Eg and (c) PL spectra for
Ca0, Ag, Ag/Caand (2 mL, 4 mL, and 6 mL) extract doped Ag/CaO NCs, respectively.
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Figure 4 (a-f) HR-TEM and (a’-f") interlayer d-spacing images of un-doped CaO, Ag,
Ag/Ca0, and (2 mL, 4 mL, and 6 mL) extract-doped Ag/CaO NCs, respectively.

To study further the structure and differences of microstructure in crystals of CaO, Ag, and
un-doped and doped Ag/CaO-NCs, HR-TEM was employed. HR-TEM images disclosed
non-uniform nanocrystalline structure of CaO NPs having almost spherical shape with high
agglomeration. Ag particles were dispersed and agglomerated simultaneously, which were
approximately spherical and faceted in shape. High agglomeration of NCs was observed in
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the samples of Ag/CaO with a size roughly < 100 nm since high surface energy is manifested
when synthesis is performed in an aqueous solution [63]. Ag NPs of roughly 10-20 nm
appeared around the CaO NPs as a result of reduction by extract of salt containing Ag,
depicted in Fig. 4 [53]. Phytochemicals in extract-carrying samples were found to exist in the
form of a thin layer [64]. HR-TEM rendered the lattice fringes to be 0.327, 0.31, 0.32, 0.30,
0.28, and 0.28 nm for pure CaO, Ag, and 2 mL, 4 mL, and 6 mL, which ascertained the
formation of highly crystalline nanostructures. To determine the content of elements and
additional features of fabricated NCs, EDS technique was employed. The results disclosed
reduction phases of CaO and Ag, confirming the successful completion of desired synthesis
(Fig. S1 (a- f)). The spectra possessed two major peaks pertaining to Ca having high purity at
0.4 and 3.8 keV, Ag peak with immense purity was found at 3.1 keV and a single peak that
belonged to O at 0.6 keV. Traces of carbon in pristine samples result from the carbon tab
onto which the sample was placed during analysis. The spectra also revealed the presence of

Na and ClI, Na existence is due to the use of NaOH.

Catalytic efficacy of pristine CaO, Ag, and extract-doped Ag/CaO NCs were checked by
using MB:CF, while accompanied by reducing agent sodium borohydride (NaBH4) as shown
in Fig. 5. The experiment was carried out by mixing 3 mL of MB:CF with roughly 400 pl
NaBHjs prior to adding NCs. It was assured that NaBH4 alone did not affect any degradation.
Afterward, 400 pl NCs were added into MB:CF solution and degradation was analyzed using
UV-vis spectra. Un-doped CaO, Ag, and doped Ag/CaO NCs with (2 mL, 4 mL, and 6 mL)
extract showed different reduction rates in respective time spans. Undoped CaO, Ag, and
Ag/CaO exhibited a total (70, 81, and 85%) dye reduction within 20-25 min, respectively, in
a neutral medium. Surprisingly, the rest of the samples completely degraded MB:CF.
However, time consumption was different which were 2 min, 17 min, and 30s for 2 mL, 4
mL, and 6 mL samples, respectively. The same experiment was repeated for basic and acidic-
based solution of MB:CF and NaHBs4, which rendered the best results in acidic solution i.e.,
75, 88 and 100% degradation within a half min for Cao, Ag, and Ag/CaO doped samples. In
the case of basic medium, except for 6 mL sample, which showed 100% instant degradation,
CaO, Ag, Ag/Ca0, 4 mL, and 2 mL samples breached the dye to 19.2. 10.15, 34.6, 90, and
96% consuming 10 min and no further color change was observed. The control sample

delivered the least 30% dye reduction performance in 12 min followed by no further change.
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Figure 5 Catalysis of pristine CaO, Ag, Ag/Ca0, and (2 mL, 4 mL, and 6 mL) extract doped

Ag/CaO NCs in neutral, acidic, and basic medium, respectively.

The phenomenon of dye degradation is well illustrated in Fig. 6, BH4 after dissociation of
NaBHs becomes an electron donor which transfers an electron to MB:CF via CaO, Ag, and
Ag/CaO NPs (Paul et al. 2020). The most crucial part in dye degradation was played by
Ag/CaO NPs, which accept and then transfer the electron [65, 66]. Redox potential reduction
occurred with increased Fermi potential, which probably is affected by the size of NPs [7].
Size plays a key role in the potential interfacial barrier, for small particles barrier is small
since the surface is larger, and vice versa [7]. In the current study, efficiency and speed of
catalysis were noted to increase from reference to 2 mL, 4 mL, and 6 mL extract-carrying
samples. This happens because size reduction or increase has inverse dependence upon
extract concentration, i.e., high concentration of extract decreases particle size or contrarily

by lowering concentration increases size and vice versa [67].
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Figure 6 Schematic diagram of catalysis mechanism.

Antimicrobial effectiveness of Ag/CaO containing various concentrations of the extract was
obtained from a zone of inhibition (ZOI) measurements through agar well diffusion assay
against S. aureus (G +ve) and E. coli (G —ve) pathogens as shown in Fig. S8 and Table S1.
Specific concentrations (0.5 mg/50 pL) and (1.0 mg/50 uL) of un-doped and doped Ag/CaO
NCs by extract (2 mL, 4 mL, and 6 mL) were filled into concerning wells and a comparison
was conducted with positive control ciprofloxacin (0.005 mg/50 pL) and negative control DI
water (50 pL). Results exhibited a strong correlation between ZOIl and NCs concentration.
Significant (ZOl) (P < 0.05) were recorded for all aforementioned samples, ranging (0 — 0.90
mm) and (2.55 — 9.15 mm) for low and high concentrations against S. aureus, while (2.60 —
4.70 mm) and (2.95 — 6.30 mm) at low and high concentrations against E. coli. The results
obtained promised better performance (P < 0.05) against both pathogens. Plant extract carries
different types of ligands, proteins, tannins, terpenoids, and flavonoids, which interact with
microbial membranes [68,69]. Meanwhile, 6 mL sample showed more activity than 4 mL,
while 4 mL was better than 2 mL, which was more efficient than the control sample. The

most probable justification is that the higher extract concentration possessed a larger number
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of ligands, thus rendering better antimicrobial activity. Moreover, it could also be inferred

that bacterial vulnerability is enhanced when reducing and capping NCs is achieved [8].

The mechanism is well elaborated where NCs generated intracellular reactive oxygen species
(ROS), interact with nucleic acids of the bacterial cell, which encourages singular and dual
wrecked break in nitrogenous bases and sugar-phosphate bonds of nucleic acids [70]. It
provokes the oxidation of residual amino acids and inactivates key proteins, which
consequently disturbs different metabolic processes [71]. Since ROS are toxic toward nucleic
acid, thus, probably, it is responsible for DNA breaching of a bacterial cell, as depicted in
Fig. S4 [52, 72].

It's crucial to test nanoparticle binding interactions with potential protein targets to better
understand molecular and atomic-level events that underpin antibacterial efficacy. The
enzyme targets chosen for this study are part of biosynthetic routes, essential for the
development or survival of bacteria. A molecular docking analysis was conducted to
determine the binding interaction between green synthesized and proteins associated with E.
coli and S. aureus. Ligands were selected from literature as shown in Figure S6 [33, 33]. Best
docked complexes were attained for Ag/Ca0, ZGN, and SGL (Fig. S5) with DNA gyrase and
FabB of E. coli and DNA gyrase and DHFR of S. aureus (Fig. S5). The docking score was
attained for the best-docked configuration of Ag/CaO, ZGN, and SGL with DNA gyrasee. coli
was 5.00, 10.44, and 8.45, respectively. Ag/CaO formed two hydrogen bonds with key amino
acid residue (Asp49 and Asn46). SGL formed H-bonding interactions with Thrl65, Arg76,
Glu50, Gly 102, and T309. While Gly102, Tyr109, Asn46, and Asp73 are involved in H-
bonding within ZGN Fig. 7(a-c). Furthermore, B-keto acyl-[acyl-carrier-protein] synthase
(FabB) is an important enzyme in the biosynthesis of fatty acids, and its inhibition can cause
bacteria to die. Various studies have reported that thiolactomycin (TLM) and cerulenin
(CER) significantly inhibited type 1l fatty acid synthesis by blocking the activity of FabB
(KAS 1), which was further confirmed by in silico molecular docking analysis [73-76]. In this
study, TLM was selected as a reference compound for molecular docking analysis to compare
the inhibitory effect of our targeted samples. TLM forms two H-bonds with active site
residues (His333 and His298) stabilizing the protein-inhibitor complex. The observed binding
score of TLM was 5.56.

The binding score 5.56, 5.52, 8.81, and 6.18 were attained for docking TLM, Ag/Ca0, SGL,
and ZGN into the active pocket of FabB, respectively. The high binding affinity of SGL
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belonging to H-bonding interaction with His333, Gly305, Glu309, and Phe392 in Fig. 7e.
These results revealed that synthesized Ag/CaO nanoparticles have a similar binding score

compared to TLM, which could be an alternative inhibitor against FabB.
The binding score 5.52, 8.81, and 6.18 was attained for docking of Ag/CaO, SGL, and ZGN

into the active pocket of FabB, respectively. The high binding affinity of SGL belonged to H-
bonding interaction with T336 and C268, as shown in Fig. 7.

18



0
c#ms /
—, o ’
A .
f <
: GLY-305 ]
‘ GLY- ‘
K ASB=3(
GL¥309 ~ #300 H
HIS-333 y /
HIS-298 \ [
ASPR:306
Y-299 02

(2147206 THR:302
g PHT}ZZQ 4
/ Aslsoo
THR-300
i -305
HIS P, || G

N\

08

Figure 7 Obtained binding modes of ligands in the binding region of DNA gyrase (salmon)
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complex of DNA gyrase-ZGN. Binding mode of selected compounds in active region of j3-
ketoacyl- [acyl carrier protein] synthase | (FabB): (d) Ag/CaO-FabB, (e) SGL-FabB, (f)
ZGN-FabB (g) TLM-FabB from E. coli [77, 78].

Similarly, Ag/CaO, SGL, and ZGN binding interaction patterns were evaluated against
DHFR from S. aureus. The well-docked conformations of Ag/CaO, SGL, and ZGN into an
active pocket of DHFR had binding energies of 5.85, 11.26, and 10.10, respectively. T46, L5,
and Y98 interacted with Ag/CaO. SGL and ZGN showed H-bonding with S49, T46, Q95, and
ZGN showed H-bonding with Q95 and T121 Fig. 8(d-f).

In the instance of DNA gyrase from S. aureus, all three ligands (Ag/Cao, SGL, and ZGN)
showed H-bonding interaction with G85 with a score of binding 5.24, 8.86, and 8.62,
respectively, as shown in Fig. 8 (a-c). The related docking scores are summarized in Table
S2. The significant binding score and interaction of the green synthesized Ag/CaO
nanoparticles propose them to be a potential inhibitor of dihydrofolate reductase, DNA

gyrases, and FabB, which can be investigated further for their enzyme inhibition potential.
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Figure 8 Obtained ligands binding modes in the binding domain of DNA gyrase (light green)
and DHFR (light blue). (a) Binding mode of Ag/CaO in the DNA gyrase binding site. (b)
Compound SGL bonded with DNA gyrase. (c) Docking complex of DNA gyrase-ZGN.
Selected compounds binding mode in the active site of DHFR: (d) Ag/CaO-DHFR, (e) SGL-
DHFR, (f) ZGN-DHFR from S. aureus.

3. CONCLUSION

CaO and Ag/CaO nanocomposites were synthesized effectively with various extract

concentrations using chemical precipitation and green synthesis. The XRD results indicate
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that CaO, CaCOg, and Ca(OH)2 possessed an FCC structure and were found in a crystalline
condition, with crystallinity increasing with the concentration of doping extract. At 870 and
1440 cm, functional groups corresponding to CaO and Ag NPs were observed with FTIR.
By doping NCs, a blueshift was seen in UV and PL, resulting in the narrowing of the band
gap from 3.25 to 2.93 eV. HRTEM images with lattice fringes revealed an uneven form of
Ag and CaO NPs surrounded by a layer of CaCO3s and phytochemicals (0.32-0.28 nm). EDS
analysis showed the elemental composition, confirming the presence of Ag, CaO, and other
required components for the investigation. The NCs synthesized using biosynthesis exhibited
superior antibacterial action against S. aureus and E. coli compared to those synthesized
using chemical precipitation, with the highest activity observed at a 6 mL extract
concentration. Catalytic activity measurements of synthesized NCs against MB:CF indicated
that NCs synthesized with bio-reduction were much more effective at dye degradation, with
activity increasing to the highest level at 6 m L. Additionally, bio-synthesized NCs exhibited
increased stability in comparison. In addition, in silico molecular docking studies are in
agreement with in vitro bactericidal activity and green synthesized Ag/CaO NCs showed a
remarkable binding score and interaction pattern inside the active region of targeted proteins,
indicating it may be used as a potential inhibitor of DNA gyrase, DHFR, and FabB enzymes.
SGL-containing nanoparticles showed a binding score (8.81) with FabB that is higher than
the reference sample TLM (5.56), indicating that it could be an efficient inhibitor as a novel
antibiotic agent for bacterial strain. But prior to its use, further research is needed to confirm

their inhibition effect by condensing enzyme assay.
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Figure S1 EDS analysis of (a) CaO, (b) Ag, (c) Ag/CaO, and (d-f) (2, 4 and 6 mL) extract
doped Ag/CaO NCs, respectively.



Figure S2 (a-f) FE-SEM micro images of pure CaO, Ag, Ag/Ca0O, and 2 mL, 4 mL and 6 mL
extract doped Ag/CaO NCs, respectively.

The morphology of CaO, Ag, and with 2, 4, and 6 mL extract-doped Ag/CaO NCs was
analyzed using FE-SEM as shown in S2. The images showed NCs to be spherical,
agglomerated and clamped to each other. The supersaturated nature of the trigonasp honey

may explain such agglomerated and clamped structure. The agglomeration occurs due to the
fusion of smaller particles during synthesis.
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Figure S3: N2 Adsorption/desorption isotherm of CaO, Ag/Ca0, and 6 mL extract-doped
Ag/CaO nanocomposites

Fig. S3 shows N adsorption/desorption isotherms of CaO, Ag/Ca0O, and 6 mL extract-doped
Ag/CaO nanocomposites, respectively, used to investigate BET surface areas. All of the
concerned samples displayed the typical type IV isotherms with distinct Hz type hysteresis
loop ranging from 0.4-1.0 at relatively high-pressure P/Po, which indicated the existence of
well-developed mesoporous structure 2. Consequently, it was observed that 6 mL extract-
doped, Ag/Ca0, and CaO had estimated BET surface area of 157.95, 111.73, and 102.24
m2gl respectively. BET surface areas of 6 mL extract-doped Ag/CaO NCs increased with
incorporating Ag and extracted dopant. An increase in surface areas is thought to provide
more active sites; enable easy charge-carrier transport and result in enhanced photocatalytic

performance >4,
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Figure S4 Schematic diagram of antimicrobial mechanism.




Figure S5. Obtained binding mode of ligands in the domain of targeted protein (a) Ag/CaO-,
SGL- and ZGN-DNA gyrases. aureus (0) Ag/CaO-, SGL- and ZGN- DHFR of S. aureus (c)
Ag/Ca0-, SGL- and ZGN- FabB (d) Ag/CaO-, SGL- and ZGN-DNA gyrasek. coli
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Figure S6. Chemical structures in 2D and 3D view (a) Ag/CaO (b) shagoal bonded to
Ag/Cao (c) zingerone bonded to Ag/CaO0.
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Figure S7 (a-d) XPS spectra of as prepared nanocomposites (a) Ag Ols (b) Ag 2p (c) CaO
Ols (d) and Ca2p
The XPS spectra of Ag/CaO NCs doped with extract were investigated to determine the

elemental structure and chemical state of the elements. Fig. S7 (a-d) shows the narrow scan

XPS spectra of produced samples Ag O1s, Ag3d, Ca O1s, and Ca2p. The binding energy of
Ag O1s was 530.8 eV for Ag/CaO NCs doped with extract Fig. S7(a), which is in good

agreement with earlier findings > 8. The location of the relevant binding energy peak was

determined using the ionic and electronegativity properties of the atoms in the molecule. The
binding energies of Ag® for the Ag3ds2 and Ag3ds. orbits were 368.7 eV and 374.7 eV,
respectively, see Fig. S7(b) 7. The Ca O1s signal in the composite peak at 532.5 eV, which
coincides with the C-O bond Fig. S7(c) . Two peaks at 346.5 and 351.2 eV were discovered,

corresponding to Ca 2ps/z and Ca 2p1/2 in CaO, respectively, as shown in Fig. S7(d) °.



Figure S8. (a) In-vitro bactericidal efficacy of Ag/CaO, (b) 2 mL, (c) 4 mL, (d) 6 mL for S.
aureus.

Table S1 Antimicrobial activity of Ag/CaO with different concentrations of extract

S. aureus E. coli
Samples Inhibition zone (mm) Inhibition zone (mm)
0.5mg/50 uL 1.0 mg/50 pl 0.5mg/50 uL 1.0 mg/50 pL

Reference

sample (Ag/Ca0) - 2.55 2.60 2.95
2mL - 4.65 3.40 3.05

4 mL - 5.45 3.70 3.55

6 mL 0.90 9.15 4.70 6.30
Ciprofloxacin 10.15 10.15 7.25 7.25
DIW 0 0 0 0

Table S2 Surflex score of docked ligand Ag/CaO, SGL, and ZGN bonded to various

molecular targets.



Protein Docking CScore Crash Polar Gscore® PMF D score’ Chem
complex @ score®  score® score® scored
S.aureus Ag/CaO 5.24 -0.08 4.52 -6.073  -2.283 -244.10 -
gyrase B 8.332
SGL 8.82 -2.28 345 - 4449 -72.010 -
224.065 17.718
ZGN 8.62 -1.03 5.78 - - -54.927 -
152.555 16.688 12.631
S.aureus Ag/CaO 5.85 -0.12 5.0 -3.947 0.335 - -5.480
DHFR 256.483
SGL 1126 -251 6.62 - 9525 -85.315 -
247.168 23.441
ZGN 10.10 -0.85 7.74 - 38.136 -27.547 -8.176
121.600
E. coli Ag/CaO 5.00 -0.01  3.99 -6.865 -0.711 - -5.480
gyrase B 329.577
SGL 1044 -250 221 - 34.355 -74.975 -9.506
269.492
ZGN 8.45 -249 515 - 10.607 -29.947 -8.376
158.635
B- Ag/Ca0 5.52 -0.00 5.25 -1.167 -2.481 - -5.480
ketoacyl- 212.050
[acyl SGL 8.81 -1.29 459 - 19.129 -64.378 -7.742
carrier 198.429
protein] ZGN 6.18 -053 490 -92.839 35.318 -39.334 1.619
synthase TLM 5.56 -1.29 114 - 66.698 -91.739 -
| (FabB) 149.828 11.155

aCScore is a consensus scoring which uses multiple types of scoring functions to rank

the affinity of ligands, PCrash-score reveals the inappropriate penetration into the

binding site, ¢ Polar region of the ligand, ¢ G-score shows hydrogen bonding, complex

(ligand-protein), and internal (ligand-ligand) energies, ¢ PMF-score indicates the

Helmholtz free energies of interactions for protein-ligand atom pairs (Potential of Mean

Force, PMF), f D-score for charge and van der Waals interactions between the protein

and the ligand, 9 Chem-score points out hydrogen bonding, lipophilic contact, and

rotational entropy, along with an intercept term.
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reduction mechanism.

1. There are several typographical mistakes as well in whole manuscript. Therefore, the author's
thoroughly careful check the language and typo mistake to minimize the error.

Ans: Corrected typos and other errors throughout the manuscript.
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5. All figures are of poor technical quality and not suitable for publication, especially in a high reputed
journal. Font size and kind is too small and must be unified in all figures. Small writings are unreadable.
All figures must be self-explanatory. Axis titles are poorly presented or absent. Units are missing. Are the
data presented in figures significantly different? At least error bars should be shown.
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-The article's grammar and punctuation are not adequate and it needs to be deeply proofread.

Ans: Corrected accordingly per suggestions
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Ans: As per suggestions, all figure captions in the manuscript have been changed
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vis spectrophotometer (Genesys 10S) in the wavelength spectrum of 180-400 nm. But the resulting graph
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Ans: Thanks for the correction. In 2.6, the wavelength of UV-Vis spectrophotometer (Genesys
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Figure 4 HR-TEM and interlayer d-spacing images of undoped CaO, Ag and extract doped Ag/CaO NCs.
Ans: Thanks for the correction. The caption of figure 4 has been changed for clear

understanding.

(Fig. S1 (a- d)). But the figure shows the e and f also what about that figures?



Ans: Thanks for the correction. The caption of figure S1 has been changed for clear
understanding.

Figure S1 EDS analysis of pure CaO, Ag and extract-doped Ag/CaO NCs. which is the pure
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antimicrobial mechanism. What about the ZOI1?

Ans: Corrected in the manuscript text.



Highlights

Highlights

A low temperature Green synthesis of Ag/CaO nanocomposites (NCs) was prepared.

Various concentrations of extract (Zingiber officinale) into NCs.
The optimum amount of extract in NCs showed effective MB:CF dye degradation.

The doped NCs showed strong antimicrobial activity against E. coli, and S. aueus.

A new pathway to produce extract doped Ag/CaO materials as low cost catalyst.
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Figure 1 Schematic diagram of (a) Extraction of ginger root (b) synthesis of green synthesized
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